Inhibition of protein tyrosine phosphatase by orthovanadate induces vasoconstriction, which is mediated by the Rho kinase-dependent inactivation of myosin light chain phosphatase (MLCP) via signaling downstream of Src-induced activation of the epidermal growth factor (EGF) receptor.
Introduction
Smooth muscle contraction is regulated by Ca 2+ -dependent and Ca 2+ -independent pathways. The increase in cytosolic Ca 2+ in smooth muscle cells activates myosin light chain kinase (MLCK), which phosphorylates myosin light chain (MLC), leading to smooth muscle contraction [1] . Phosphorylated MLC is dephosphorylated by MLC phosphatase (MLCP), allowing the contracted smooth muscle to return to the relaxed state [2] . MLCP consists of three subunits: a 37-kDa catalytic subunit, a 20-kDa variable subunit, and a 110 -130-kDa myosin phosphatase target subunit 1 (MYPT1) [3] . Phosphorylation of MYPT1 by activated Rho kinase reduces MLCP activity, leading to prolonged smooth muscle contraction [4] [5] .
The function of vascular smooth muscle is also regulated by the balance of protein tyrosine kinases and protein tyrosine phosphatases. Disruption of the cellular tyrosine phosphorylation equilibrium causes several diseases, and the activities of both protein tyrosine kinases and phosphatases are therefore tightly controlled [6] . Vanadium compounds such as sodium orthovanadate (OVA) are well-characterized inhibitors of protein tyrosine phosphatase [7] . In addition, vanadates have several other biochemical and pharmacological properties, such as the inhibition of ATPases [8] , epidermal growth factor (EGF)-like mitogenic activity [9] , insulin-mimetic properties [10] , anti-apoptotic activities [11] , and antitumor or carcinogenic properties [12] [13] . Vanadium compounds can affect signaling pathways in cells, including phospholipase D, focal adhesion kinase, phospholipase C-γ, Src, phosphatidyl inositol 3-kinase, and extracellular signal-regulated kinase 1 and 2 (Erk1/2) [14] - [19] . In the vasculature, vanadium compounds also enhance the production of vasoactive metabolites such as prostaglandin I, nitric oxide (NO), and endothelium-derived hyperpolarizing factor, leading to relaxation of vascular smooth muscle [20] - [23] . In contrast, several studies reported that vanadates induced vascular and nonvascular smooth muscle contraction; this was observed in the guinea pig taenia coli, trachea, and gallbladder smooth muscle [24] - [26] and in the rat gastric longitudinal muscle and myometrium [27] [28] . Vanadate-induced contraction of guinea pig ileal longitudinal smooth muscle was regulated by the activation of a Rho kinase-dependent pathway, resulting in an increase in MLC phosphorylation [29] . Recently, we reported that OVA caused Rho kinase-dependent contraction of the rat thoracic aorta and phosphorylation of MYPT1 in vascular smooth muscle cells [30] . These reports showed that inhibition of protein tyrosine phosphatases by vanadates induced smooth muscle contraction through Rho kinase-dependent inactivation of MLCP. We have shown that OVA-induced vasoconstriction was mediated by the Rho kinase-dependent inactivation of MLCP via signaling downstream of Src-induced transactivation of the EGF receptor (EGFR) [30] . We also showed that EGF caused Ca 2+ sensitization in the rat thoracic aorta by Rho kinase-dependent inactivation of MLCP through the Erk1/2 kinase (MEK) pathway [31] . However, EGF did not induce contraction of the normotensive rat thoracic aorta. In addition, the relationships amomg Src, EGF, and tyrosine phosphatase involved in smooth muscle contraction were unclear. The present study therefore assessed whether activation of Src by OVA-mediated inhibition of tyrosine phosphatase was involved in EGF-related contraction of rat vascular smooth muscle.
Materials and Methods

Inhibitors
The inhibitors used in this study are described in Table 1 and were purchased from Merck-Millipore (Tokyo, Japan). OVA was purchased from Nacalai Tesque (Kyoto, Japan). The concentration of inhibitors were selected based our previous studies [30] [31].
Organ Chamber Experiments
All animal experiments were performed in accordance with the Guidelines of the Kobe Gakuin University Experimental Animal Care. Male Wistar rats, 7 -8 weeks old and weighing 170 -200 g, were anesthetized with diethyl ether. The thoracic aorta was excised, placed in Krebs-Henseleit solution (118.4 mM NaC1, 4.7 mM KC1, 2.5 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25.0 mM NaHCO 3 , and 11.1 mM glucose; pH 7.4), and then 
cleaned of adherent tissue. The aorta was cut into 5-mm rings, and the endothelium was removed by carefully rotating a manipulator inside the lumen of the rings. Six rings, obtained from one animal, were fixed vertically under a resting tension of 1.0 g in 5-ml organ chambers (UC-5A; Medical Kishimoto, Kyoto, Japan) filled with Krebs-Henseleit solution (37˚C, pH 7.4) and aerated continuously with a gaseous mixture of 95% O 2 and 5% CO 2 for 60 min. Isometric tension changes were measured by a force displacement transducer (AP-5; Medical Kishimoto) coupled to a dual-channel chart recorder (SS-250F; SEKONIC, Tokyo, Japan). All tissue rings were exposed to 60 mM KCl for 30 min for measurement of the maximal contractile force. Prior to isotonic measurements of vascular contractility, arteries were allowed to equilibrate for another 60 min. After equilibration, OVA was added to the bath solution to achieve a final concentration of 0.01 -1 mM. EGF (1 or 10 nM) was dissolved in Krebs-Henseleit solution supplemented with 5% trehalose; this was then added to the organ bath 5 min prior to the addition of OVA.
The inhibitors used in the present study were dissolved in dimethyl sulfoxide and added to the organ chambers in 10-μL volumes 20 min before the addition of OVA. The contractile effect of OVA was expressed as a percentage of the maximal force evoked by 60 mM KCl.
Western Blotting
Aortic rings were equilibrated as described above and then treated with EGF (10 nM) and/or OVA (0.5 mM) for 5 min. In some experiments, inhibitors were added to the organ bath 20 min before EGF and/or OVA treatment. The rings were homogenized in 50 μL lysis buffer, comprised of 50 mM Tris-HCl (pH7.4), 25 mM CHAPS, protease inhibitor cocktail (Nacalai Tesque), and phosphatase inhibitor cocktail (Nacalai Tesque). Samples were centrifuged at 15,000 × g for 10 min at 4˚C, and the concentration of soluble protein in the supernatant was determined using a BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Equal amounts of protein (1.5 μg/lane) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinyldifluoride (PVDF) membranes (Immobilon-P; Millipore, Billerica, MA, USA). The blots were then blocked in 5% skimmed milk in Tris-buffered saline (0.1% Tween 20 in 10 mM Tris-HCl, pH 7.5, containing 100 mM NaCl) and incubated overnight at 4˚C in Tris-buffered saline with rabbit antibodies against MYPT1 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Thr-853-phosphorylated MYPT1 (1:200; Santa Cruz Biotechnology), Erk1/2 (1:1000; Cell Signaling, Danvers, MA, USA), Thr-202/Tyr-204-phosphorylated Erk1/2 (1:1000; Cell Signaling), EGFR (1:1000; Cell Signaling), and EGFR that was phosphorylated at Tyr-1173 (1:1000; Cell Signaling) and at Tyr-845 (1:1000; Cell Signaling). The PVDF membranes were then washed with Tris-buffered saline, and incubated with horseradish peroxidase-conjugated goat anti-rabbit antibodies (1:2000; Bio-Rad, Hercules, CA, USA) in Tris-buffered saline for 1 h at room temperature. After washing twice in Tris-buffered saline, the blots were visualized using an enhanced chemiluminescence detection system (GE Healthcare Japan, Tokyo, Japan). Immunoblots were quantified using densitometry with Versa Doc 5000 MP (Bio-Rad) and Quantity One software (Bio-Rad).
Statistical Analysis
All data are expressed as the mean ± the standard error of the mean (SEM). Statistical comparisons were performed using one-way analysis of variance with pair-wise comparisons made using the Bonferroni-Dunn method. Comparisons of concentration-response curves were made using repeated-measures analysis of variance followed by the Bonferroni-Dunn test using the Graph Pad Prism 6 software. Differences were considered statistically significant at P < 0.05.
Results
EGF Enhanced OVA-Induced Contraction of Rat Endothelium-Denuded Thoracic Aorta
OVA activates endothelial NO synthase [23] and it is likely that endothelium-derived NO attenuates the contractile effects of OVA in aortic rings. Since the aim of this study was to evaluate the roles of OVA and EGF in rat aortic smooth muscle contraction, we measured the contractile force in endothelium-denuded aortic rings in order to remove any NO-induced effects. The concentration-response curves for OVA significantly increased in endothelium-denuded rings exposed to stepwise increases in the concentration of OVA (Figure 1) . Pretreatment of endothelium-denuded aortic rings with EGF (1 or 10 nM) further increased vasoconstriction, as compared with OVA alone. However, EGF alone (1 or 10 nM) did not induce contraction of endothelium-denuded rat thoracic aorta (data not shown).
Effects of Src, EGFR, and Rho Kinase Inhibitors on OVA-and EGF-Induced Aortic Contraction
To explore the signaling pathways involved in vasoconstriction induced by co-stimulation with EGF and OVA, the effects of various inhibitors on the contractile force generated in the presence of EGF (10 nM) and OVA (0.5 mM) were investigated in endothelium-denuded aortic rings. OVA was previously shown to activate Src, EGFR, and Rho kinase in rat thoracic smooth muscle, resulting in increased contraction [30] . Therefore, we studied the effects of Rho kinase inhibitors on aortic contraction induced by EGF and OVA. As shown in Figure 2 , the contractile effects of EGF and OVA were abolished by the Rho kinase inhibitor, Y27632. The specific Src inhibitor, PP2, or the EGFR inhibitor, AG1478, also significantly attenuated the contractile effects of EGF and OVA (Figure 2) . However, the MLCK inhibitor, ML-7, did not affect the contraction of endothelium-denuded thoracic aortic rings induced by EGF and OVA.
Effects of MEK, Erk1/2, p38 Mitogen Activated Protein Kinase (MAPK p38), and c-Jun N-Terminal Kinase (JNK) Inhibitors on OVA-and EGF-Induced Aortic Contraction
EGF was previously reported to induce MLCP inactivation through Erk1/2 dependent Rho kinase activation [31] . Therefore, we assessed whether the enhancement of the vasoconstrictive effects of OVA (0.5 mM) by EGF (10 nM) was affected by MEK or Erk1/2 inhibitors. We observed that treatment of these aortic rings with a MEK inhibitor (PD98059) or an Erk1/2 inhibitor (FR180204) significantly reduced the effects of EGF on OVA-induced contraction (Figure 3) . However, inhibitors of JNK (AS601245) and MAPK p38 (SB203580) did not significantly affect the vasoconstriction observed in the presence of EGF (10 nM) and OVA (0.5 mM) ( Figure  3) .
Effects of Various Inhibitors on EGF-and/or OVA-Induced MYPT1 Phosphorylation
To determine whether Rho kinase is a downstream effector of Src and/or EGFR during EGF (10 nM)-mediated enhancement of OVA (0.5 mM)-induced vasoconstriction, we measured the levels of phosphorylated MYPT1 (Thr-853) in rat endothelium-denuded thoracic aorta after stimulation in the presence or absence of various inhibitors. Since co-stimulation with EGF and OVA produced rapid contraction of endothelium-denuded aortic rings, presenting as a hyperbolic rise in tension development for 5 min followed by linear rise (data not shown) and treating aortic rings with OVA or EGF increased the ratio of phosphorylated to total EGFR, Erk1/2, and MYPT1 rapidly within 2 min, and the increased levels were maintained for 10 min [30] [31], we measured the levels of phosphorylated MYPT1 5 min after exposure to OVA. When rings were treated with only EGF, we measured phosphorylation levels of proteins 5 min after stimulation of EGF. As shown in Figure 4 , the ratio of phosphorylated to total MYPT1 was increased after treatment with 10 nM EGF or 0.5 mM OVA (P < 0.05 for both treatments, as compared with control), and further increased by co-treatment with 10 nM EGF and 0.5 mM OVA (P < 0.05 versus EGF only and versus OVA only). The increased phosphorylation of MYPT1 induced by co-stimulation with EGF and OVA was significantly reduced by inhibitors specific for Src (PP2), EGFR (AG1478), Rho kinase (Y27632), MEK (PD98059), and Erk1/2 (FR180204). However, inhibitors of JNK (AS601245) and MAPK p38 (SB203580) did not affect the phosphorylation of MYPT1 induced by EGF and OVA. These results suggested that this EGF-and OVA-induced phosphorylation of MYPT1 in rat endotheliumdenuded thoracic aorta was mediated by Src-, EGFR-, MEK-, and Erk1/2-dependent activation of Rho kinase.
Effects of Various Inhibitors on EGF-and/or OVA-Induced Erk1/2 Phosphorylation
To determine whether Erk1/2 is the downstream effector of EGFR during EGF-mediated enhancement of OVAinduced Rho kinase activation, we measured the level of Erk1/2 that was phosphorylated at Thr-202/Tyr-204 in rat endothelium-denuded thoracic aortic rings in the presence or absence of various inhibitors. As shown in Figure 5 , the ratio of phosphorylated to total Erk1/2 was increased following exposure to 10 nM EGF or 0.5 mM OVA (P < 0.05 for both treatments, as compared with control). Erk1/2 phosphorylation was further increased by co-stimulation with EGF and OVA, as compared with OVA only (P < 0.05). The increase in Erk1/2 phosphorylation induced by co-stimulation with EGF and OVA was significantly reduced in the presence of inhibitors of EGFR (AG1478), MEK (PD98059), and Erk1/2 (FR180204), but not by inhibition of Src, JNK, MAPK p38, and Rho kinase ( Figure 5 ). 
EGF and OVA Induced EGFR Phosphorylation
We investigated whether the combination of EGF (10 nM) and OVA (0.5 mM) induced phosphorylation of the EGFR at Tyr-845 and Tyr-1173. Western blotting using a phospho-specific antibody for EGFR Tyr-1173 revealed a significantly increased signal in endothelium-denuded rat thoracic aortic rings treated with EGF or OVA, and in tissue co-treated with EGF and OVA (Figure 6(a) ). The phosphorylation of EGFR at Tyr-845 was also significantly increased following exposure of the thoracic aortic rings to EGF or OVA (P < 0.05 for both treatments, as compared with control). This Tyr-845 phosphorylation was further increased by co-treatment with EGF and OVA (P < 0.05 versus EGF only and versus OVA only; Figure 6(b) ). The increase in EGFR Tyr-845 phosphorylation induced by co-stimulation with EGF and OVA was significantly reduced in the presence of the Src inhibitor, PP2 (Figure 6(b) ).
Discussion
In the present study, we demonstrated that EGF enhanced OVA-induced contraction of the rat endothelium-denuded thoracic aorta and that this effect was mediated by Src, EGFR, MEK, Erk1/2, and Rho kinase. Treatment of the rat endothelium-denuded thoracic aorta with EGF or OVA augmented the phosphorylation of MYPT1. This was further increased by co-stimulation with EGF and OVA, and was blocked by pretreatment with inhibitors of Src, EGFR, MEK, and Erk1/2. The phosphorylation of EGFR at Tyr-1173 in rat endothelium-denuded thoracic aorta was increased by treatment with EGF or OVA, and by co-treatment with EGF and OVA. Phosphorylation of EGFR at Tyr-845 was also augmented by exposure to EGF or OVA. This was further increased by co-stimulation with EGF and OVA, and was reduced by inhibition of Src. Vanadium compounds such as OVA are tyrosine phosphatase inhibitors, which induce contraction of several tissues including guinea pig ileal longitudinal smooth muscle [29] and rat thoracic arteries [30] . The present study indicated that OVA-induced aortic smooth muscle contraction was mediated by the EGFR, because an EGFR inhibitor (AG1478) abolished this effect. Previous research has demonstrated that vanadium compound-induced smooth muscle contraction was mediated by Rho kinase activation [24] - [27] [32]- [36] . Mori phosphorylation [29] . This was consistent with our earlier study, where we showed that OVA-induced smooth muscle contraction was Rho kinase-dependent, since Rho kinase inhibition abolished OVA-induced aortic contraction, whereas MLCK inhibition by ML-7 did not affect this process [30] . In addition, several studies have reported that OVA-or pervanadate-induced contraction of smooth muscle cells was not accompanied by a rise in cytosolic Ca 2+ , but instead occurred as a result of an increased Ca 2+ sensitivity of the contractile apparatus [36] - [38] . Activation of Rho kinase inhibits MLCP by phosphorylating MYPT1; this causes Ca 2+ sensitization and thereby enhances contraction in the absence of a change in the cytosolic Ca 2+ levels [29] . OVA-induced contraction of the rat thoracic aorta is mediated by Rho kinase-dependent inactivation of MLCP via signaling downstream of Src-induced transactivation of EGFR [30] . The binding of EGF to the EGFR induces receptor dimerization, which triggers autophosphorylation of five specific tyrosine residues (Tyr-1173, -1148, -1086, -1068, and -992) in the intracellular carboxy-terminal region of the EGFR. EGFR at Tyr-1173 represents the major autophosphorylation site [39] . Src functions as a co-transducer of transmembrane signals emanating from a variety of polypeptide growth factor receptors, including the EGFR [40] . Src can activate the EGFR either directly, by phosphorylation of EGFR at Tyr-845 in the cytoplasm [40] [41], or indirectly via the metalloproteinase-catalyzed release of heparin-binding (HB)-EGF from pro-HB-EGF [42] . In our previous study, OVA increased the phosphorylation of Src at Tyr-416 in rat vascular smooth muscle cells and this effect was blocked in the presence of a Src inhibitor. Furthermore, two inhibitors of pro-EGF shedding (TAPI-0 and CRM 197) blocked not only OVA-induced contraction of the rat endothelium-denuded thoracic aorta, but also OVA-induced phosphorylation of MYPT1 and of EGFR at Tyr-1173 and at Tyr-845 in rat vascular smooth muscle cells [30] . The observation that OVA-induced EGF phosphorylation at Tyr-1173 and Tyr-845 was blocked by Src inhibition suggests that the transactivation of EGF via pro-HB-EGF processing depends on Src kinase activity in vascular smooth muscle cells [30] . In the present study, we showed that EGF and/or OVA induced EGFR phosphorylation at Tyr-845 and Tyr-1173 in rat endothelium-denuded thoracic aorta. The contraction and the phosphorylation of EGFR at Tyr-845 were further increased by co-treatment with EGF and OVA, and were abolished by treatment with a Src inhibitor. The aortic contraction and the phosphorylation of MYPT1 induced by OVA or EGF were further augmented by co-stimulation with EGF and OVA, and inhibited by Src inhibition. The phosphorylation of EGFR at Tyr-845 is a major Src-dependent phosphorylation site that is associated with increased receptor function. Src-catalyzed phosphorylation of EGFR at this residue is thought to be essential for mitogenic signaling via the EGFR, since cells expressing Y845F mutant EGFR showed markedly decreased DNA synthesis in response to EGF [40] [43] [44] . Therefore, it is likely that the activation of Src by inhibitors of protein tyrosine phosphatase (such as OVA) induces phosphorylation of EGFR at Tyr-845, which in turn results in increased signaling via the EGFR and activation of Rho kinase dependent MYPT1 phosphorylation in rat endothelium-denuded thoracic aorta.
The MAPK family members, such as Erk1/2, MAPK p38, and JNK, are the major transducers of signals generated by EGF [45] . We used inhibitors to explore the role of MAPKs in EGF-and OVA-induced aortic contraction and Rho kinase-dependent MYPT1 phosphorylation. The increase in MYPT1 phosphorylation was abolished by inhibitors of Src, EGFR, MEK, Erk1/2, and Rho kinase, but not of JNK or MAPK p38. Subsequently, we showed that OVA and/or EGF induced Erk1/2 phosphorylation in endothelium-denuded rat thoracic aorta, an effect that was abolished by inhibitors targeting the EGFR, MEK, and Erk1/2, but not by Src and Rho kinase inhibition. Binding of EGF to EGFR leads to the phosphorylation of Erk1/2 [46] . Src can phosphorylate the EGFR either directly or indirectly [40] - [42] , resulting in vascular smooth muscle contraction [30] . The vasoconstrictive effects of co-stimulation of rat endothelium-denuded thoracic aorta with EGF and OVA were blocked by Src and Erk1/2 inhibitors. Src inhibition also blocked the EGF and OVA-induced EGFR phosphorylation at Tyr-845 in this preparation, but failed to inhibit Erk1/2 phosphorylation. Taken together, OVA-induced Src activated the phosphorylation of MYPT1 by phosphorylating the EGFR at Tyr-845, leading to smooth muscle contraction, whereas EGF activated MYPT1 phosphorylation through Erk1/2 phosphorylation. Thus, it seems that two different pathways regulate MYPT1 phosphorylation in smooth muscle exposed to EGF and OVA.
Vascular smooth muscle contraction in response to EGF was observed in thoracic aorta preparations from deoxycorticosterone acetate (DOCA)-salt hypertensive rats [47] and from a one kidney, one-clip hypertensive rat model [48] . Kim et al. reported that EGF-induced aortic contraction in DOCA-salt hypertensive rats was regulated by Erk1/2 and Rho kinase. However, EGF did not induce contraction of vascular smooth muscle from normotensive rats [49] . These reports suggested that EGF-induced vascular smooth muscle contraction was regulated by MEK, Erk1/2, and Rho kinase in hypertensive rats, but not in normotensive rats [49] . The phosphorylation of Src, EGFR, and Erk1/2 was significantly higher in vascular smooth muscle cells from spontaneously hypertensive rats, as compared to those in Wistar-Kyoto rats [50] [51]. Touyz et al. reported that angiotensin II increased the synthesis of DNA in vascular smooth muscle cells derived from small peripheral resistance arteries from hypertensive patients, but not in those from normotensive patients. Inhibition of Src reduced Erk1/2 activity and normalized Erk1/2 responses in normotensive patients [52] . These studies and our recent findings suggest that Src plays an important role in the regulation of vascular smooth muscle functions.
In summary, the present study provides the novel finding that Src phosphorylates the EGFR at Thr-845, which in turn activates MYPT1 phosphorylation via an unknown signaling cascade, leading to smooth muscle contraction and vessel constriction. On the other hand, EGF activates Erk1/2 phosphorylation, which phosphorylates MYPT1, resulting in smooth muscle contraction. Although EGF alone does not induce vascular smooth muscle contraction, it enhances OVA-induced contraction. Interestingly, both the activation of Src by OVA and of Erk1/2 by EGF result in MLCP inactivation via MYPT1 phosphorylation, leading to smooth muscle contraction via different signaling pathways. However, the OVA target molecule involved in Src-dependent vessel contraction is unclear, as it is the signaling cascade involved in Rho kinase dependent MYPT1 phosphorylation. Further studies are required to comprehensively elucidate the role of protein tyrosine phosphatase regulation in the mechanisms underlying vasoconstriction.
